Introduction
Almost all winter seasons in Poland, as in other countries in Central and East-Central Europe, are characterised by very high concentrations of particulate matter PM10 and PM2.5. The main source of this phenomenon is increased emission of particulate pollutants generated by combustion processes in stationary sources, predominantly the municipal and household sector. Data provided by IOŚ-PIB [1] show that combustion of fuels for energy generation, mainly coal in stationary sources [2] , accounts for approximately 75% of PM10 national emission and almost 100% of SO2 national emission. Aerosanitary situation is determined by pollution emission values as well as by weather conditions which, on the one hand, result in intensification of heating process and, on the other, may contribute to effective dispersion or accumulation of pollutants leading to smog situations [3] [4] [5] [6] [7] [8] [9] .
Particulate matter (PM), also known as particulates, is a complex mixture of different chemical components including water soluble ions, trace metals and organic compounds which originate from a wide range of natural and anthropogenic sources [10] [11] [12] . The negative effect of particulates on human health is widely documented in literature on the subject [13] [14] [15] [16] . The current available data indicate that atmospheric PM pollution is the 6 th (out of 43 taken into consideration) leading risk factor contributing to more than 3 million deaths worldwide every year [17] . The International Agency for Research on Cancer has classified air pollution in general, as well as PM as a separate component of air pollution mixtures, as carcinogenic [18] . The report by European Environmental Agency [19] states that in 2015, a total of 19 % of the EU-28 urban population was exposed to PM10 levels above the daily limit value (50 μg·m -3 ). Additionally, the report indicates that 7% of the EU-28 urban population was exposed to PM2.5 levels above the EU limit value. Taking into account the stricter guidelines of WHO, these percentages increase accordingly for PM10 -up to 53%, for PM2.5 -up to 82%.The latest report by WHO [20] on air quality in cities is even more alarming. The assessment is based on mean annual PM2.5 concentration in cities and, according to the report, 33 out of 50 most polluted cities in Europe are located in Poland. Among the EU-28 member states, Poland is ranked as being the 3 rd country with the highest estimated number of premature deaths (46 020 a year!) attributed to PM2.5 [19] .
The aim of the present paper is to determine the regions of Poland which are characterised by similar variability of PM concentration in the winter season.
Materials and methods
The study was based on hourly and daily values of particulate matter PM10 concentration in the calendar winter season (December-February) in the period 2005/06 -2014/15, obtained from 33 air pollution monitoring stations. In Poland, the obligation to monitor the concentration of the finer fraction of particles smaller than 2.5μm in aerodynamic diameter was introduced only in 2010. Consequently, data on PM2.5 concentration refer to a shorter period, i.e. 2009/10 -2014/15, and were obtained from only 23 stations with complete measurement series. The values of hourly and daily concentration were characterised per various time steps (month, season, multiannual period) with the use of mean and maximum values, standard deviation, upper and lower quartile, coefficient of variation, and the number of days on which the applicable EU limit value for PM10 was exceeded. The aforementioned characteristics of PM10 which were obtained from a longer measurement series and additionally refer to the finer fraction of particulate matter (2.5 μm) were analysed using the cluster analysis method. The present study employs k-means (Euclidean distance) which belongs to non-hierarchical cluster analysis methods. This method allows determination of k of the clusters characterised by the possibly greatest difference. The analysis was made using Statistica 12 software which includes implementation of a v-fold cross-validation test allowing identification of the optimum number of clusters. Various combinations (sets) were analysed, taking into consideration all as well as some of the aforementioned PM10 characteristics, according to hourly and daily values. In the end, three regions and their areas were determined on the basis of compilation of four characteristics: lower and upper quartile, variation coefficient of hourly concentration values, and the number of days on which the daily limit value was exceeded. The fact that identical results were obtained in the analysis which additionally included other characteristics of PM10 concentration, i.e. means and standard deviation (also for daily means), only confirms the obtained delineation of the regions.
Results and discussion
The area of the three regions of pollution with particulate matter in the calendar winter season in presented in Fig. 1 Region I was found to be the largest in area, covering the Pomeranian and Masurian Lakeland, and the Masovian Lowland. Region II was generally classified as covering the Greater Poland Lowland, Silesian Lowland, and the Silesian Upland, Lesser Poland and Lublin Upland. Region III was found to be by far the smallest in area, and comprised 5 cities located in the south of Poland in poorly ventilated basins and well developed river valleys. The most polluted region III is distinguished by not only higher average particulate matter concentration but also by much higher variability of PM10 concentration. In this region, variation coefficient of hourly PM10 concentrations between the winter seasons amounts to approximately 112%, whereas in regions I and II it does not exceed 100%. In the latter regions, greater difference in terms of variability of particulate matter concentration are found for PM2.5 fraction rather than PM10. In all regions, on average, the highest PM10 concentration was recorded in the winter season of 2005/06, and the lowest (by almost two times) in the subsequent winter season of 2006/07 which, according to thermal conditions classification by Lorenc [21] , was classified as very warm (Tab. 1). In this particular season, across the country, also the absolute maximum hourly concentration values were by far the lowest in the 10-year long period under analysis. The maximum hourly concentrations were recorded in all of the regions in different winter seasons, yet in each case the values exceeded the mean seasonal values by more than 10 times. In the analysed period, the differences between the mean seasonal PM10 concentration did not exceed 20 µg/m 3 in region I, in region II the difference was twice as high, and in region II -approximately 54 µg/m 3 . The regions also demonstrate substantial variation in terms of the frequency of the daily PM10 limit value being exceeded (Fig. 3) . In the most polluted region III, excessive daily concentration is recorded on more than half of the days of the calendar winter, in region IIapproximately 38%, and in region I -only on 16% of days. The first of the analysed periods, i.e. 2005/06, was characterised by on average the highest PM10 concentration values and frequent exceeding of the daily limit value. However, in other winter seasons under analysis, the UE limit value was exceeded with comparable and at times even higher frequency, depending on the region. In region III the daily limit value was exceeded with similar frequency (on approximately 2/3 of the days) also in 2012/13. In region II EU limit value was exceeded on more than 40 days in subsequent winter seasons, i. The characteristics of both fractions of particulate matter is supplemented by frequency histograms of the adopted hourly concentration values according to the three months of the calendar winter season (Fig. 4) . In all regions, distribution of the adopted concentration range in December and January shows some similarity, yet in February the distribution is 
Summary
The extent of the regions marked by specific values of pollution with particulate matter in the calendar winter season is generally consistent with the increasing from the north to the south emission values and worsening conditions of pollutants dispersion and deposition. The increase in emission results from high concentration of industrial, as well as household and traffic sources due to high population density [22, 23] . The degree of dispersion is dependent on atmospheric conditions and topographic factors [2, 3, 5-9, 24, 25] . Poor conditions for natural ventilation in the south of Poland are associated with low wind speed, greater frequency and duration of atmospheric calm, less frequently occurring unstable equilibrium, and more frequent surface inversions [4, 24, 25] , including orographic inversions.
The three regions delineated on the basis on the results of the 10-year long measurement series of PM10 particulate matter concentration are predominantly characterised by differences in mean seasonal concentration values and frequency of exceeding the daily limit value. The results are representative as the analysed winter seasons include not only the winter seasons marked by average thermal conditions, but the winter seasons classified as very warm as well as cold. Undoubtedly, extending the measurement series and including a greater number of stations monitoring PM2.5 fraction would allow to revise the delineation of the regions determined on the basis of the results for the calendar winter seasons in the period 2005-2015.
